The blue light receptors termed cryptochromes mediate photomorphological responses in seed plants. However, the mechanisms by which cryptochrome signals regulate plant development remain obscure. In this study, cryptochrome functions were analyzed using the moss Physcomitrella patens . This moss has recently become known as the only plant species in which gene replacement occurs at a high frequency by homologous recombination. Two cryptochrome genes were identified in Physcomitrella, and single and double disruptants of these genes were generated. Using these disruptants, it was revealed that cryptochrome signals regulate many steps in moss development, including induction of side branching on protonema and gametophore induction and development. In addition, the disruption of cryptochromes altered auxin responses, including the expression of auxin-inducible genes. Cryptochrome disruptants were more sensitive to external auxin than wild type in a blue light-specific manner, suggesting that cryptochrome light signals repress auxin signals to control plant development.
INTRODUCTION
Because of their sessile nature, various mechanisms have evolved in plants that enable them to adapt their growth and morphology to environmental changes. Light is one of the most important environmental stimuli in this regard. Several sets of photoreceptors have developed to enable plants to respond to light. For instance, Arabidopsis has at least five red/far-red light receptor phytochromes, two blue light receptor cryptochromes, and two of another class of blue light receptors termed phototropins (Briggs and Olney, 2001; Briggs et al., 2001) . Phytochrome is the best characterized photoreceptor in plants because of its ability to switch between an active form and an inactive form by absorbing red light or far-red light, respectively. Phytochrome light signals control developmental processes from germination to flowering (Neff et al., 2000; Smith, 2000) . A cryptochrome was the first identified blue light receptor in plants ( Ahmad and Cashmore, 1993) , and blue light signals via cryptochromes control various responses that accompany developmental changes (Briggs and Huala, 1999; Cashmore et al., 1999; Lin, 2000) . In contrast, phototropins control responses that change the direction of growth or organelle movements, such as phototropism (Briggs and Huala, 1999) and the chloroplast avoidance response (Jarillo et al., 2001; Kagawa et al., 2001) .
Cryptochromes show a high degree of homology in their N-terminal regions with the photoreactivating enzymes termed photolyases. They also possess C-terminal amino acid extensions of various lengths that photolyases lack. The recombinant Arabidopsis CRY1 protein contains two cofactors, flavin adenine dinucleotide and methenyltetrahydrofolate, the same as in photolyases (Lin et al., 1995; Malhotra et al., 1995) . In Arabidopsis, two cryptochromes, cry1 and cry2, are involved in many photomorphological processes, such as the inhibition of hypocotyl elongation (Ahmad and Cashmore, 1993; Lin et al., 1998) , the induction of anthocyanin synthesis (Ahmad et al., 1995) , and the control of flowering time (Guo et al., 1998; Mockler et al., 1999) . Both cryptochromes also work as photoreceptors that input light signals to the circadian clock (Somers et al., 1998; Devlin and Kay, 2000) . It was shown recently that the C-terminal domains are necessary to mediate photomorphogenic responses (Yang et al., 2000) and that the C-terminal domains interact directly with COP1, which is a negative regulator of photomorphogenesis and may repress COP1 activity (Wang et al., 2001) .
Cryptochromes also have been found in other organisms, such as insects and mammals (Cashmore et al., 1999; Hall, 2000) . Drosophila cryptochrome may function as a photoreceptor and as part of the circadian clock (Stanewsky et al., 1998; Ceriani et al., 1999) . Two mouse cryptochromes are central clock components (Kume et al., 1999; van der Horst et al., 1999) and also may be photoreceptors (Selby et al., 2000) . Although all cryptochromes are presumed to have evolved from photolyases, according to sequence comparisons, it is likely that these animal cryptochromes evolved differently from plant cryptochromes (Cashmore et al., 1999) . To date, cryptochrome sequences have been reported in several plants (Cashmore et al., 1999) . However, their functions have been characterized only in Arabidopsis and tomato (Ninu et al., 1999; Weller et al., 2001) . It is of great interest to determine how and when plant cryptochromes obtain the functions that are seen in dicots. To answer this question, the functions of cryptochromes in many plant species from various taxa must be elucidated.
The moss Physcomitrella patens was chosen for this study because of its gene-targeting capability (Schaefer and Zryd, 1997; Schaefer, 2001 ) and its simple organization (Cove and Knight, 1993; Reski, 1998) . Because cryptochromes regulate light-dependent developmental changes in Arabidopsis, the simple organization of the moss is a great advantage for the investigation of developmental changes. At least two similar cryptochrome genes exist in the genome of Physcomitrella. This study, using cryptochrome disruptants, revealed that both cryptochromes have redundant functions and that light signals via cryptochromes regulate some developmental steps throughout the moss life cycle. Moreover, we found that the cryptochrome signals suppress auxin signals, leading to the regulation of developmental steps.
RESULTS

Two Moss Cryptochrome Paralogs, Physcomitrella PpCRY1a and PpCRY1b, Are Nucleus-Localized Proteins
To analyze the function of the blue light receptor, cryptochrome, in the moss Physcomitrella, we determined two CRY cDNA sequences. They have almost identical nucleotide sequences except for the 3 Ј regions of the predicted 3 Ј untranslated region; therefore, they were designated PpCRY1a and PpCRY1b ( Figure 1A ). The genomic DNA sequences corresponding to each cDNA revealed that these cDNAs are derived from two different genes. Both genomic DNA sequences shared almost identical nucleotide sequences from the middle of the first intron to the beginning of the sixth exon of the PpCRY1a gene ( Figure 1B ). Except for that region, they showed little identity with each other. The existence of two CRY genes was confirmed by DNA gel blot analysis ( Figure 1C ). When the probe specific to both cryptochrome genes was used, two different bands appeared under high-stringency conditions. Each specific 3 Ј untranslated region probe hybridized to one of each band. Except for the bands corresponding to the two CRY genes, (A) Scheme of the PpCRY1a and PpCRY1b cDNAs. The striped and black regions show the nucleotide sequences that are different between the PpCRY1a and PpCRY1b cDNAs. The percentages of identical nucleotides in the regions are shown. In the PpCRY1b transcript, the 5Ј untranslated region of the PpCRY1b cDNA might be truncated, based on its size (see Figure 3C) . ORF, open reading frame. (B) Scheme of the PpCRY1a and PpCRY1b genes. The boxes indicate exons, and each box pattern is the same as in (A). The positions of the probes used in (C) are indicated. The dark gray regions indicate sequences that are identical between PpCRY1a and PpCRY1b. The nucleotide sequence alignments at the beginning and the end of the identical regions are shown. The recognition sites of BglII (B) and EcoRI (E) are indicated. (C) DNA gel blot analysis of the PpCRY1a and PpCRY1b genes. Genomic DNA was digested by BglII (B), HindIII (H), or EcoRI (E). Blots were hybridized with the probe (1aN) specific to both cryptochrome genes under either low-or high-stringency conditions. The data for each specific probe (1a3Ј and 1b3Ј) were obtained under high-stringency conditions. one or two bands appeared in each lane under low-stringency conditions. These cDNAs have just one nucleotide base difference in their predicted open reading frames. Both cDNAs encode proteins with 727 deduced amino acids. One single base difference led to PpCRY1a having threonine and PpCRY1b having methionine at amino acid 80. The amino acid at position 80 in other plant cryptochromes also varied. The N-terminal regions of the amino acid sequences of moss CRY genes showed the highest homology with cryptochromes from the fern Adiantum capillus-veneris (Kanegae and Wada, 1998; Imaizumi et al., 2000) . These gene products possess the specific C-terminal extension. At the ends of the C termini of PpCRY proteins, we found the putative monopartite nuclear localization signals, which also are present at the same regions of the nucleus-localized fern cryptochromes AcCRY3 and AcCRY4 ( Figure 2A ). Therefore, we examined the intracellular localization of the ␤ -glucuronidase (GUS)-PpCRY1a and GUS-PpCRY1b fusion proteins in a transient expression assay. Because the AcCRY3 protein showed differential localization depending on the light conditions (Imaizumi et al., 2000) , we incubated the transfected protoplasts under white, blue, or red light or in the dark. Both GUS-PpCRY1a and GUS-PpCRY1b proteins localized to the nucleus under all light conditions examined ( Figure 2B ). Both CRY transcripts accumulated at low levels in protonemata ( Figures 3B and 3C , lane WT) and in gametophores (data not shown). We also examined the light dependence of the accumulation levels of both CRY mRNAs and found that 2-day incubation under various light conditions did not alter the mRNA levels in protonemata (data not shown).
Generation of PpCRY1a and PpCRY1b Single and Double Disruptants
To determine which responses these cryptochromes mediate, cryptochrome disruptants were generated by homologous recombination using targeting constructs ( Figure 3A) . We generated eight strains of PpCRY1a gene disruptants (designated cry1a strains), five strains of PpCRY1b gene disruptants ( cry1b ), and four strains of PpCRY1a and PpCRY1b gene double disruptants ( cry1a cry1b ). Every strain of each disruptant showed very similar phenotypes with each other, so we used two strains of each disruptant for further analyses. We confirmed by polymerase chain reaction (PCR) analyses that the expected CRY loci of these lines were replaced with targeting constructs ( Figure 3B ). We also performed DNA gel blot analysis ( Figure 3B ). The 8.9-kb band derived from the PpCRY1a locus shifted to approximately the 11.5-kb band in cry1a-1 , cry1a cry1b-1 , and cry1a cry1b-2 . This finding indicated that the targeting construct that contains 2.7 kb of hygromycin cassette is integrated into the original PpCRY1a locus. The 8.9-kb band also disappeared in cry1a-2 , indicating that the PpCRY1a locus was disrupted. There are three shifted bands (those except for the 6.2-kb band corresponding to the PpCRY1b locus), indicating that at least three copies of targeting constructs might be integrated in the genome. When we used both primers directed outward from the PpCRY1 locus, PCR fragments were amplified in cry1a-2 , indicating that some targeting constructs were integrated in tandem in cry1a-2 (data not shown). Tandem insertion of targeting constructs in the moss genome have been reported previously (Schaefer and Zryd, 1997; Hofmann et al., 1999) . The 6.2-kb band corresponding to the PpCRY1b locus shifted down to the 4.6-kb band in cry1b-1 , cry1b-2 , cry1a cry1b-1 , and cry1a cry1b-2 . This is reasonable because the G418 cassette contains BglII sites.
The expression of CRY transcripts in these strains was analyzed ( Figure 3C ). The PpCRY1a transcript was detected only in wild-type and cry1b strains. We hypothesize that transcription of the PpCRY1a transcript from the native promoter stopped at the 35S or nopaline synthase terminators present in the selection marker of the PpCRY1a -disrupted strains. The PpCRY1b transcript was detected in all strains, and larger bands (5.9 kb) were detected in cry1b and cry1a cry1b strains. The selection marker was inserted in the antisense direction in the PpCRY1b -targeted locus. On the basis of the size of the transcript, transcription must proceed through the selection marker (2.0 kb) and stop at the native PpCRY1b terminator. These data suggest that cry1a and cry1a cry1b strains do not contain intact PpCRY1a proteins, and they also show that cry1b and cry1a cry1b strains do not contain intact PpCRY1b proteins. 
Blue Light Signals via Cryptochromes Induce Side Branches in Protonemata
The growth of protonemal colonies of wild type and cryptochrome disruptants was observed under various light conditions. Colonies of similar diameters were inoculated onto new agar plates. These plates were incubated under white, blue, or red light or in darkness. Both wild-type and disruptant protonemata showed almost no growth in the dark under our culture conditions, so we present the results obtained under white, blue, or red light. The appearances of cry1a , cry1b , and cry1a cry1b colonies were not distinguishable from those of wild-type colonies under white and red light, whereas a clear difference was observed under blue light ( Figures 4A to 4L ). The colony diameter of each disruptant was larger than that of the wild type, and the densities of the protonemata in each colony decreased in order from wild type, to cry1a strains, to cry1b strains, to cry1a cry1b strains.
Close observation showed that the difference in density was a result of the inhibition of side branch formation on the protonemata ( Figures 4M to 4P ). In addition, even where side branches had been initiated, these branches often stopped growing under blue light ( Figure 4O ). This tendency is more obvious in the cry1a cry1b strains. We further analyzed the induction rate of the side branches using nonbranching protonemata (Table 1) . When protonemata were cultured under weak unilateral red light, they grew toward the light with almost no branching (Kadota et al., 2000) . When irradiated with strong blue light after preculturing in weak red light, approximately two branches emerged on the wild-type protonemata, whereas the average number of branches decreased to less than one in the cry1a strains. These numbers were even lower in the cry1b strains, and almost no (A) Scheme of the disruption of the PpCRY1a and PpCRY1b loci. The locations of primers used in (B) are shown by arrowheads. The probe that is supposed to hybridize both PpCRY1a and PpCRY1b (1aN) and that is used in (B) is indicated by white boxes, and the probes specific to each cryptochrome transcript used in (C) are indicated by closed boxes. The recognition sites of BglII (B) are indicated as well. Tnos, nopaline synthase terminator; Hyg r , hygromycin-resistant; nptII, neomycin phosphotransferase II; hpt, hygromycin B phosphotransferase. (B) PCR genotyping analysis and genomic DNA gel blot analysis of cryptochrome disruptants. Genomic DNA was digested with BglII. The bands corresponding to either native PpCRY1a or PpCRY1b loci are indicated at left. The lengths of major bands are shown at right. WT, wild type. (C) RNA gel blot analysis of CRY transcripts in the cryptochrome disruptants. Poly(A) ϩ RNA derived from white light-grown protonemata were analyzed. As an internal control, the 1.1-kb fragment of Physcomitrella glyceraldehyde 3-phosphate dehydrogenase (GAPDH) cDNA was used (Leech et al., 1993). branches were induced in the cry1a cry1b strains by blue light. The effects of strong red light were similar in both wild type and cry disruptants.
Overexpressing PpCRY1b cDNA complemented the cry1a cry1b-1 strain ( Figures 4Q to 4V ). Two independent overexpressors in the cry1a cry1b-1 background (CRY1bϩ/cry1a cry1b-1) showed branching under blue light. These data further confirm that blue light signals via cryptochromes induce side branch formation.
Blue Light Signals via Cryptochromes Also Control Differentiation and Growth of Gametophores
Less than 5% of the side branch initials on protonemata developed into gametophore buds (Cove and Knight, 1993) . We found that cryptochromes also controlled the transition and growth of gametophores. Figure 5A shows the average number of gametophores that emerged in each wild-type and cryptochrome disruptant colony within 3 weeks under different light conditions. Under white light, a few gametophores were seen in wild type at 2 weeks, whereas more than 10 gametophores were counted in all cryptochrome disruptants. The number of gametophores emerging on the cry1a cry1b colonies was even higher than that on either the cry1a or cry1b colonies. Under blue light, in all strains a few gametophores were observed in the first 2 weeks. The number of gametophores increased to ‫52ف‬ per colony by 3 weeks in all strains except for the cry1a cry1b strains. The number in the cry1a cry1b strains was still less than five per colony in 3 weeks. Under red light, gametophore induction occurred to a similar extent in all of the strains examined. The increase in gametophore number for all strains under red light was similar to the increase for the cryptochrome disruptants under white light. When considering these data, it is important to remember that gametophore induction involves two light-controlled steps: (1) side branch formation, and (2) differentiation from the side branch initial to the bud. Under white and red light, it seemed that side branch formation occurred similarly in all strains ( Figure 4 , Table 1 ). The difference seen in Figure 5A between white and red light conditions may be ascribed to the difference that occurred at the second step. Therefore, these data indicate that Colonies of wild type, cry1a, cry1b, cry1a cry1b, and PpCRY1b cDNA overexpressors in the cry1a cry1b-1 background were inoculated on agar plates. These plates were incubated under continuous white, blue, or red light for 10 days. cryptochrome light signals inhibit the transition to bud, whereas red light induces bud formation. Under blue light, the double disruptants were found to produce few side branches (Table 1 ). The limiting step on the emergence of gametophores in cry1a cry1b strains under blue light might be the first branching step. Although the inhibition of gametophore formation was observed in all strains examined by 2 weeks, it was overcome at 3 weeks in the strains that branched under blue light (wild type, cry1a, and cry1b).
Figure 5B shows gametophores grown under different light conditions. The cry1a, cry1b, and cry1a cry1b gametophores had short and narrow leaves compared with the wild type under blue light. Cell lengths and cell numbers of these leaves were less than those of the wild type (data not shown). In contrast, the size of the leaves of the wild-type, cry1a, and cry1b strains were almost the same under white and red light. Even under white or red light, however, the leaf sizes of cry1a cry1b strains were smaller than those of wild type. Stem length under the light conditions described for Figure 5B is shown in Figure 5C . Under white light, the stem lengths of both cry1a-1 and cry1b-2 were ‫5.1ف‬ times longer than those of wild type. The stems of cry1a cry1b-1 were approximately twice as long as those of wild type. Under blue light, the stem lengths of the cryptochrome single and double disruptants were similar and also were longer than those of wild type. However, the stem lengths of wild type and cryptochrome disruptants were almost identical under red light. PpCRY1b cDNA overexpressor (CRY1bϩ/cry1a cry1b-1) strains showed shorter stems than wild type not only under blue light but also under white and red light (data not shown). These findings indicate that blue light, acting through cryptochromes, induces leaf growth but inhibits stem growth.
Cryptochrome Disruptants Show Altered Auxin Responses
It has been reported that the developmental stages shown to be regulated by cryptochromes in this study also are controlled by plant hormones such as auxin and/or cytokinin (Cove and Knight, 1993; Reski, 1998) . Although several articles have reported the light dependence of auxin and cytokinin responses in the mosses (Simon and Neaf, 1981; Lehnert and Bopp, 1983; Bhatla and Bopp, 1985) , the molecular mechanisms of the interaction between light and hormones have not been established. To determine whether cryptochrome signals interact with the auxin signals, we examined the light-dependent phenotypes of cryptochrome disruptants incubated on agar containing synthetic auxin, 1-naphthalene acetic acid (NAA). We examined the colonies grown on agar plates containing NAA under white, blue, or red light. Although the colonies of wild type and cryptochrome disruptants looked identical under white light without auxin ( Figures 4A to 4D ), the addition of a high concentration (Ͼ1 M) of NAA to the medium led cryptochrome disruptants to be distinguishable from wild type ( Figure 6A ). The diameters of both wild-type and cryptochrome disruptant colonies incubated under red light increased at almost the same rates as those of cry1a cry1b strains incubated under white light ( Figure 6A ). Because the difference in appearance between colonies grown in white light and red light might be partly the result of the different branching numbers induced, these data led us to infer that cryptochrome light signals inhibit auxin responses, whereas red light either induces or does not affect auxin responses. Under blue light, cry1a and cry1b strains grown on agar containing 10 M NAA looked similar to the cry1a cry1b strains grown on agar without auxin ( Figure 4H ) or with 0.1 M NAA ( Figure 6A ). These data indicate that adding exogenous auxin to the cry1a and cry1b strains mimics the phenotype of the cry1a cry1b strain at lower doses of NAA.
Moss protonemal cells are classified into two cell types (chloronema and caulonema) according to their morphology (Cove and Knight, 1993; Reski, 1998) . Chloronema has cell walls perpendicular to the filament axis, whereas caulonema has cell walls oblique to the filament axis. After spore germination, chloronema emerge first and a transition to caulonema occurs. The transition from chloronema to caulonema is induced by exogenous auxin in mosses (Schumaker and Dietrich, 1997) . We calculated the ratio of caulonemal cells to chloronemal cells in 100 protonemal subapical cells of a single colony as another index of auxin cellular effects under different light conditions ( Figure 6B ). When NAA was not added, all subapical cells were classified into chloronemal cells in wild type and cryptochrome disruptants under white light. Under either blue or red light, the number of caulonemal cells was more than the number of chloronemal cells in wild type and disruptants even without NAA. In proportion to the concentration of exogenous NAA in the medium, the ratio of caulonemal cells was increased in wild type and dis- Protonemata were precultured between cellophane and a cover slip on agar medium under unilateral red light (2.8 mol m Ϫ2 ·sec Ϫ1 ) for 9 days. Protonemata of more than 1.5 mm in length, having no branch, were used for this experiment. Stimulus light was given continuously for 2 additional days, and the number of branches induced was scored. Two-day dark incubation did not produce any side branches on wild-type protonemata (n ϭ 97).
Values shown are means ϮSE; n indicates number of protonemata counted.
ruptants under all light conditions. It is noteworthy that the increasing ratio of caulonemal cells was lowest in wild type, higher in cry1a, higher still in cry1b, and highest in cry1a cry1b strains under white and blue light. Such a difference was not observed under red light. These results are in accord with the hypothesis that the inhibition of the auxin responses is specific to the cryptochrome signal.
Cryptochrome Light Signals Suppress Auxin-Induced Gene Expression
To further investigate the relationship between cryptochrome and auxin communication, an auxin-inducible soybean GH3 promoter-GUS fusion gene construct (Li et al., 1999 ) was introduced to protoplasts. Protoplasts transfected with GH3::GUS genes were treated with different concentrations of NAA under white light. GUS activity increased depending on the NAA dose in wild type and cry1a cry1b-1 ( Figure 7A ), indicating that auxin signals were transmitted to the GH3 promoter in Physcomitrella protoplasts.
To analyze different light effects on auxin signal transduction, GUS activities of transfected protoplasts with or without NAA were assayed under white, blue, and red light. Adding NAA caused a three times greater induction of GUS activity in wild type under white light ( Figure 7B ). The GUS activity was induced at a five times greater ratio in cry1a cry1b-1. The induction of the GH3 promoter in wild type under blue light was higher than that under white light, whereas the cryptochrome disruptants showed an even (A) Number of gametophores that emerged on the colonies of the cryptochrome disruptants. The colonies were incubated under white, blue, or red light for up to 3 weeks. Gametophores that emerged were counted every week. Each point represents the mean ϮSE derived from the data of 30 independent colonies. (B) Representative images of gametophores of one of each cryptochrome disruptant. Gametophores were collected from 3-week-old colonies after inoculation. The gametophores, which have 5, 7, 9, and 11 recognizable leaves, are placed from left to right in each image. Each image shows the gametophores of wild type, cry1a-1, cry1b-2, or cry1a cry1b-1 incubated under white, blue, or red light. The strains that are not shown here had the same phenotypes as each representative image of the cryptochrome disruptants. Bar ϭ 2 mm for all panels. (C) Relationship between leaf number and stem length. Tissue was considered as a leaf if it clearly looked separate from the stem or if the conical premature leaf bundle appeared at the gametophore apex. The stem length is the length from the position of the shoot apical meristem (presented in the apical leaf bundle) to the end of the stem, not including rhizoids. Slopes calculated by fitting a linear regression line for each group of data are shown in the graph.
greater induction ratio. The amount of induction in cry1a cry1b-1 was similar to that seen in cry1a-1 and cry1b-1, possibly because GUS activity was saturated in this condition. Adding NAA under red light led both wild type and cryptochrome disruptants to show similar GUS activity. These data suggest that blue light signals via cryptochrome inhibit auxin signals.
We further compared the amount of native auxin-inducible gene transcripts between wild type and cryptochrome disruptants. The GH3 and indole-3-acetic acid (IAA) gene homologs were isolated as candidates for the auxin-inducible genes in Physcomitrella. A cDNA (2304 bp) of the P. patens GH3-like protein 1 (PpGH3L1) gene encoded a deduced polypeptide of 599 amino acids with remarkable similarity ‫%04ف(‬ identity) to the entire sequences of flowering plant GH3 homologs. Two cDNAs encoding putative IAA genes were isolated. They contained identical sequences spanning ‫2.1ف‬ kb of the 3Ј ends, whereas the 5Ј ends were different. The longer cDNA, designated PpIAA1, is 2594 bp long and encodes a deduced polypeptide of 503 amino acids. The amino acid sequence of PpIAA1 contained the II, III, and IV domains typical of IAA proteins (Abel et al., 1995) . When the 3Ј identical sequence was used as a probe for DNA gel blot analysis, a few bands were detected ( Figure  8A ), whereas three different bands were detected in RNA gel blot analysis ( Figures 8B and 8C) . The 2.7-kb band may correspond to PpIAA1 transcripts. The amount of PpGH3L1 and PpIAA1 transcripts was induced by exogenous auxin within 24 hr ( Figures 8B and 8C) , and induction showed a biphasic response depending on the auxin concentration (Figure 8B) , as reported in flowering plants (Hagen et al., 1991; Abel et al., 1995) . Figure 8C shows that the amount of PpGH3L1 and PpIAA1 transcripts in cry1a cry1b strains was higher than that of the wild type in the medium without NAA. By the addition of 10 M NAA, PpIAA1 transcripts in cry1a cry1b strains were accumulated faster than in the wild type. Adding 10 M NAA suppressed the accumulation of PpGH3L1 transcripts in cry1a cry1b strains. On the basis of the results shown in Figure 8B , 10 M NAA might be greater than the concentration required for maximal induction in cry1a cry1b strains. In summary, we confirmed that cryptochrome light signals interact with auxin signals to suppress the expression of auxin-inducible genes.
DISCUSSION
Cryptochromes Regulate Developmental Processes throughout the Moss Life Cycle
Two Physcomitrella CRY genes are almost identical in both exon and intron sequences ( Figure 1B ), indicating that one of these CRY genes was generated by a recent gene duplication. The 5Ј ends of the identical regions of both genes start from guanine-adenine (GA) repeat sequences ( Figure  1B ). Because homologous recombination occurs at high frequency in Physcomitrella (Schaefer, 2001 ), one of the CRY genes might have been generated by homologous recombination that occurred between the GA repeat sequence existing in the original CRY gene locus and another GA repeat sequence in the genome.
The regulation of moss development by blue light signals via cryptochrome was assessed using cryptochrome disruptants. The cry1a cry1b strains showed more severe phenotypes than did the single disruptants (Figures 4 to 8) , indicating that PpCRY1a and PpCRY1b act additively to regulate moss development. A model of the effects of CRY genes on the moss life cycle is shown in Figure 9A . Cryptochrome light signals inhibited the transition from chloronema to caulonema ( Figure 6B ) but induced side branching on caulonemata (Table 1 ). In the fern A. capillus-veneris, physiological analyses indicated that blue light receptors localized in or close to the nucleus induce longitudinal cell division to the protonemal axis, which leads to the developmental change from protonema to prothallium Furuya, 1971, 1978) . Two cryptochromes were shown previously to localize in the nucleus in the fern (Imaizumi et al., 2000) . Unlike moss protonema, the fern protonema does not have any side branches under the appropriate light conditions (Wada and Sugai, 1994) . The orientation of the first cell plate of the side branch in the moss protonemata also is longitudinal to the growth axis. Therefore, blue light induced longitudinal cell division on both moss and fern protonemata, and both responses may be interpreted as the transition from first dimensional growth to second dimensional growth. These two phenomena display similar characteristics. If the fern nucleus-localized cryptochromes are involved in that phenomenon, similar cryptochrome signal transduction cascades, which are related to control switching of growth axes in the moss, may be retained in ferns.
Determination of the fate of the side branch initials is regulated by cryptochrome ( Figure 5A ). After the side branch initials differentiate into buds, the development of the gametophores also is controlled by cryptochrome ( Figures 5B  and 5C ). Arabidopsis cryptochrome signals inhibit not only hypocotyl elongation (Ahmad and Cashmore, 1993) but also bolted stem elongation and control leaf and cotyledon expansion (Jackson and Jenkins, 1995) . Cryptochromes seem to control the growth and development of analogous stems and leaves in both moss gametophores and seed plants. Hence, cryptochrome signal transduction involved in these phenomena in the moss might recruit diploid-phase analogous tissue in seed plants. (A) Soybean GH3 promoter activity in moss. The GH3::GUS vector was transformed into moss protoplasts and incubated under white light for 24 hr in the presence of different doses of NAA. The data show the mean ϮSE derived from one trial, which consisted of two sets of group data at each point. Similar data were obtained in different trials. MU, 4-methylumbelliferone. (B) Induction rates when exogenous NAA was added to the cryptochrome disruptants. The data show the induction values (mean ϮSE), which were calculated by dividing the means obtained from the data without NAA into the means obtained from the data in the presence of 10 M NAA. These data were obtained from three different trials, each trial of which constituted of three different sets of group data (total, nine groups of data). * P Ͻ 0.05, ** P Ͻ 0.01 (Student's t test). WT, wild type.
Cryptochrome Light Signals May Regulate Developmental Changes by Changing Auxin Sensitivities
It is of particular interest to determine how cryptochromes regulate the molecular events leading to changes in growth patterns. Here we have demonstrated one mechanism that may influence growth and developmental patterns controlled by cryptochromes via auxin signal transduction.
Previously, it was reported that the effect of external auxin is less obvious under high-intensity white light in the moss Funaria hygrometrica (Lehnert and Bopp, 1983) . We showed that exogenous NAA works more effectively in cryptochrome disruptants than in wild type with respect to the transition from chloronema to caulonema ( Figure 6B ) and that blue light, but not red light, was involved in the suppression of auxin effects in Physcomitrella. These findings indicate that the effect of white light on the suppression of the auxin response in F. hygrometrica is the function of cryptochrome. Continuous blue light (100 mol m Ϫ2 ·sec Ϫ1 ) also caused more than 50% inhibition of the auxin-induced elongation of hypocotyl segments of cucumber relative to red light controls. This inhibition was observed only when exogenous auxin (2 to 20 M IAA) was added (Shinkle and Jones, 1988) . These results suggest that a similar molecular mechanism for the suppression of auxin signals by cryptochrome signals might exist in seed plants as well.
There have been several articles reporting the interaction of light and auxin signal transduction pathways in Arabidopsis. Gain-of-function mutations in some IAA genes (SHY2/ IAA3, AXR2/IAA7, and AXR3/IAA17) ectopically induce photomorphology in the dark (Tian and Reed, 1999; Nagpal et al., 2000) , indicating that photomorphological responses are mediated via some IAA proteins. From the isolation of the suppressor of COP1, the GH3-like gene (FIN219) is believed to participate in phytochrome A signaling toward the COP1 repressor (Hsieh et al., 2000) . We showed that the expression of those IAA and GH3 homologous genes is modulated by light via cryptochrome in the moss. Soybean GH3 promoter activity and the accumulation of moss IAA and GH3 homologous gene in cryptochrome disruptants are higher than those in wild type at the same dose of NAA (Figures 7  and 8 ). Because moss cryptochromes are nuclear proteins, we propose a model for the interaction between cryptochrome light signals and auxin signals occurring in the nu- cleus ( Figure 9B) . From the results shown in Figures 6, 7 , and 8, it is likely that cryptochrome light signals control developmental changes by suppressing auxin signals at least at the point of transcription of auxin-regulated genes.
METHODS
Plant Materials and Light Sources
Protonemata of Physcomitrella patens subsp patens were cultured aseptically on BCDATG medium (which is BCD medium [1 mM MgSO 4 , 10 mM KNO 3 , 45 M FeSO 4 , 1.8 mM KH 2 PO 4 , pH 6.5] supplemented with 1 mM CaCl 2 , 5 mM ammonium tartrate, and 0.5% [w/v] glucose [Nishiyama et al., 2000] ) under different light conditions at 25Њ Ϯ 1ЊC. For the analysis of exogenous auxin effects on growth, 1-naphthalene acetic acid (NAA) was added to the autoclaved medium. The light sources were described by Imaizumi et al. (2000) . The light intensities used throughout this study were 45 mol m Ϫ2 ·sec Ϫ1 for white light, 17 mol m Ϫ2 ·sec Ϫ1 for blue light, and 28 mol m Ϫ2 ·sec Ϫ1 for red light, unless noted otherwise. Harvesting of lightirradiated tissues was performed under a dim green safelight.
Isolation and Detection of DNA and RNA
Genomic DNA was isolated using the cetyltrimethylammonium bromide method (Murray and Thompson, 1980) . Trizol reagent (Invitrogen, Carlsbad, CA) was used to isolate total RNA derived from protonemata. To purify poly(A) ϩ RNA, oligo(dT) latex beads ; Takara, Kyoto, Japan) were used. The digested genomic DNA (2 g per lane) was separated on a 0.8% agarose gel. Poly(A) ϩ RNA (4 g per lane) was electrophoresed on a 1% formaldehyde-agarose gel. DNA and RNA were blotted on nylon membranes. A chemifluorescence-labeled gene detection kit (Gene Images; Amersham Pharmacia Biotech) was used for detection. High-stringency genomic DNA gel blot hybridization and RNA gel blot hybridization were performed at 65ЊC with 0.1 ϫ SSC (1 ϫ SSC is 0.15 M NaCl and 0.015 M sodium citrate) and 0.1% (w/v) SDS, and low-stringency genomic DNA gel blot hybridization was performed at 60ЊC with 0.5 ϫ SSC and 0.1% SDS.
Cloning of Physcomitrella Cryptochrome PpCRY1a and PpCRY1b Genes
Partial cryptochrome fragments were amplified using cryptochromespecific degenerate primers, and the remaining 5Ј and 3Ј regions of the cDNA were obtained by 5Ј and 3Ј rapid amplification of cDNA ends (RACE) methods (Imaizumi et al., 1999) . Two 3Ј RACE products with different sequences were obtained, and primers specific to each 3Ј RACE product were used for reverse transcription of 5Ј RACE. The primers were 5Ј-CGCCTCTTCATTATCACTGCTC-3Ј for PpCRY1a and 5Ј-AGCCGGATCCATCTCATACG-3Ј for PpCRY1b. Genomic DNA fragments corresponding to each CRY cDNA were amplified and sequenced. Further 5Ј and 3Ј genomic regions were cloned by the inverse polymerase chain reaction (PCR) method (Triglia et al., 1988) . Physcomitrella genomic DNA was digested by BglII, DraI, HindIII, or XbaI, ligated, and used as PCR templates. The primer sets used for the first round of inverse PCR were 5Ј-AAACTCCCCGATATGTAC-TGCC-3Ј and 5Ј-ACGGAGTTCAAGCAGGCAAT-3Ј for PpCRY1a and 5Ј-CTCATCATACACCTCCCAAG-3Ј and 5Ј-GCGTATCTAGTTCCA-GTGCA-3Ј for PpCRY1b. Nested PCR was performed using the following primers: 5Ј-GCAAAAACGAATCCAGCGACTT-3Ј and 5Ј-CCA-CCACATTTTAACCTCAGACGGCATG-3Ј for PpCRY1a and 5Ј-CCA-AATGTGTCAAGCTCTGC-3Ј and 5Ј-CAAAGGTTCGACTGGATTGC-3Ј for PpCRY1b.
Construction of PpCRY1a and PpCRY1b Gene Disruption Vectors and the Vector for the PpCRY1b cDNA Overexpressor
PpCRY1a and PpCRY1b genomic DNA fragments (4.3 and 4.2 kb, respectively) were amplified using the primers 5Ј-AGTAGCGAGAAG-AGGGACAAGT-3Ј and 5Ј-CGCCTCTTCATTATCACTGCTC-3Ј for PpCRY1a, and the same forward primer and 5Ј-GCCCACAATTCA-TACTGCACTG-3Ј for PpCRY1b, and cloned into a vector, pCRII-TOPO (Invitrogen). The hygromycin cassette containing the 35S promoter of Cauliflower mosaic virus, the hygromycin B phosphotransferase (hpt) gene, and the nopaline synthase (nos) polyadenylation signal was amplified originally from the binary vector pBIH1-IG (Okamoto et al., 1993) using the primers 5Ј-AGGATAAATTAT-CGCGCGCGGTGTC-3Ј and 5Ј-CCCAGTCACGACGTTGTAAAA-CGAC-3Ј, cloned into a vector (pGEM-T Easy; Promega), and named pGEM-T Hyg. The hygromycin cassette in pGEM-T Hyg was excised as a SalI fragment. The neomycin phosphotransferase II expression cassette (Nishiyama et al., 2000) was excised by XhoI sites from pMBL5. Each excised resistant gene cassette was blunted and inserted into blunted SacII sites located in the middle of the PpCRY1a and PpCRY1b genomic fragment of each plasmid. These plasmids with disruption constructs were named pPpCRY1a-KO and pPpCRY1b-KO.
For ectopic expression of PpCRY cDNAs, the pPpMADS2-7133 plasmid was used. This plasmid contains a genomic fragment of the PpMADS2 gene, in the middle of which the neomycin phosphotransferase II expression cassette (Nishiyama et al., 2000) , the E7133 promoter (Mitsuhara et al., 1996) , and the nos terminator are inserted. Disruptants of the PpMADS2 locus are not distinguishable from wild type, indicating that this locus is useful as a neutral site to integrate an overexpression construct. The PpCRY1b cDNA fragment (nucleotides 304 to 3040) containing the expected open reading frame was inserted into the SmaI site located between the E7133 promoter and the nos terminator and named pPpCRY1b-7133.
Transformation of Moss Protoplasts
Isolation of protoplasts and polyethylene glycol-mediated transformation were performed according to Nishiyama et al. (2000) . To obtain stable transformants in which an introduced DNA could be integrated into the Physcomitrella genome, all plasmids were digested with appropriate restriction enzymes to separate its insert fragment with vector sequences, and the digested plasmids were introduced into protoplasts. Transformed protoplasts were incubated for 4 days on BCDAT medium (which is BCDATG medium without glucose) without antibiotics and then transferred to BCDAT medium containing either 50 mg/L G418 or 30 mg/L hygromycin B for 3 weeks. The selected plants were incubated for 1 additional week without antibiotics and transferred again onto the selection medium. Genomic DNA of plants which still retained resistance to antibiotics was extracted, and integration of foreign DNA was confirmed by PCR analyses.
To obtain stable disruptants of the PpCRY1a and PpCRY1b genes, pPpCRY1a-KO and pPpCRY1b-KO were digested with ApaI and HindIII and with NotI and HindIII, respectively, and used for the transformation. cry1a cry1b strains were generated to retransform cry1a-1 with the pPpCRY1b-KO construct and selected by PCR analysis from G418-and hygromycin B-resistant colonies. To obtain stable transformants containing pPpCRY1b-7133, this plasmid was digested with NotI and introduced into protoplasts of cry1a cry1b-1. Protoplasts of cry1a cry1b-1 were resistant to G418 less than 100 mg/L but not to higher concentrations. Even though these protoplasts were resistant to 100 mg/L G418, they grew slower than they did in 50 mg/L G418. Transformants with pPpCRY1b-7133 were selected by growth rate on medium containing 100 mg/L G418, and then PpCRY1b transcript overexpressors were selected by PCR analysis and RNA gel blot hybridization.
␤-Glucuronidase-PpCRY Plasmid Construction and Histochemical Assay of GUS Activity
Each PpCRY1a and PpCRY1b cDNA was fused to the 3Ј end of the ␤-glucuronidase (GUS) coding region in modified pBI221 vector as described by Imaizumi et al. (2000) . PpCRY1a and PpCRY1b cDNAs were amplified using the following primers: 5Ј-AGTTACTCT-TCACAAATGGCGGCGTGCACAATAGTGTGG-3Ј and 5Ј-AGTTAC-TCTTCAAGCGGCAGCCAAGGACGAATGCTTGTGC-3Ј for PpCRY1a, and the same forward primer and 5Ј-AGTTACTCTTCAAGCACT-GGAACTAGATACGCCCCAAACCT-3Ј for PpCRY1b. The HindIII-SmaI 0.8-kb fragment containing the 35S promoter of Cauliflower mosaic virus in pBI221 was replaced by the HindIII-SmaI 2.2-kb fragment containing the rice actin 1 (Act1) promoter derived from pAct1-D (McElroy et al., 1990) , which is more active in Physcomitrella (Zeidler et al., 1999) , in both plasmids and named GUS-PpCRY1a and GUSPpCRY1b. These plasmids were introduced, without digestion of restriction enzymes, into protoplasts, incubated for 12 hr in the dark, and treated for 24 hr under different light conditions. The protoplasts were fixed under the same light conditions for 30 min with 0.37% (v/v) formaldehyde in 100 mM sodium phosphate buffer, pH 7.0, washed with phosphate buffer, incubated in phosphate buffer with 0.03% (v/v) Triton X-100 for 1 hr, and washed with phosphate buffer without detergent. The protoplasts then were stained with 100 mM sodium phosphate, 1 mM EDTA, 0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide, 10 ng/mL 4Ј,6-diamidino-2-phenylindole, and 0.5 mM 5-bromo-4-chloro-3-indolyl-␤-glucuronic acid, pH 7.0, for 6 hr at 37ЊC.
Physiological Analyses of Phenotypes of Cryptochrome Disruptants
The protonemata used for the physiological analyses were precultured under white light. To prepare protonemata that were at similar developmental stages, they were fragmented with a homogenizer and transferred onto new medium every 5 days (Nishiyama et al., 2000) . On this culture schedule, the protonemata usually did not develop any buds. As starting materials for all experiments, protonemal colonies ‫1ف(‬ mm in diameter) were inoculated the same distance apart on the agar plates. The protonemal colonies and the gametophores were observed with a stereomicroscope, and fine observations were made using a microscope. The gametophores that emerged on the colony were counted one by one using fine forceps under the stereomicroscope lens. For the determination of the ratio of caulonemata to chloronemata, protonemata were picked randomly from colonies of the same age and all subapical cells of the protonema that were more than four cells long were classified into caulonemal cells or chloronemal cells under a microscope lens.
Detection of Soybean GH3 Promoter Activity in Cryptochrome Disruptants
The activity of the GH3 promoter (Hagen et al., 1991) in Physcomitrella protoplasts was assayed by the activity of the uidA gene product (GUS) regulated by this promoter. The protoplasts were transformed with the GH3-GUS plasmid and incubated for 12 hr in the dark. The protoplasts then were incubated with different concentrations of NAA for 24 hr under different light conditions. Proteins were extracted from the protoplasts by repeating freeze-thaw cycles in the extraction buffer (1 mM Na 2 EDTA, 50 mM NaH 2 PO 4 , 10 mM 2-mercaptoethanol, 0.1% [w/v] sarcosine, and 0.1% [v/v] Triton X-100, pH 7.4). GUS activities were estimated by the fluorescence of the fluorogenic product, 4-methylumbelliferone, released from the GUS substrate 4-methylumbelliferyl glucuronide (Jefferson, 1987) .
Cloning of Physcomitrella Auxin-Inducible PpGH3L1 and PpIAA1 cDNAs
Vegetatively propagated protonemata were cultured for 1 week, and 10 M NAA solution was poured onto the medium after 2 hr of incubation. These protonemata were used for RNA extraction. PpGH3L1 and PpIAA1 cDNAs were amplified by nested reverse transcriptasemediated PCR using degenerate primers. Degenerate primers for PpGH3L1 were 5Ј-GGIGARMGIAARYTIATGCC-3Ј and 5Ј-ACRCAI-CKIGGIACYTTRTAYTG-3Ј for first round PCR and 5Ј-ATGTAYRCI-CARATGYTITG-3Ј and 5Ј-TCCCARWAIADIACRTARTG-3Ј for nested PCR. Degenerate primers for PpIAA1 were 5Ј-ACNGARYTNMGN-YTNGGNYTNCC-3Ј and 5Ј-CCANGGNACRTCNCCNACNARCAT-CCA-3Ј for first round PCR and 5Ј-CARRTNGTNGGNTGGCCN-CCNGTNMG-3Ј and 5Ј-ARCATCCARTCNCCRTCYTTRTCYTCRTA-3Ј for nested PCR. Candidate clones of PpGH3L1 and PpIAA1 were sequenced, and whole cDNAs were obtained by 5Ј and 3Ј RACE. For 5Ј RACE, the following primers were used (a primer for first-strand cDNA synthesis, first-round PCR primer, and the nested PCR primer, respectively): 5Ј-CCGCTGATGTACTGCT-3Ј, 5Ј-GTAGCTGTCGTT-CGTCTTCA-3Ј, and 5Ј-CGGAAGGGCTCGACAATCAT-3Ј for PpGH3L1 and 5Ј-TCAGGGTCACTTACACG-3Ј, 5Ј-ACTGTCCCTTCCCGTATG-TC-3Ј, and 5Ј-TTCACAAGGTTCCCGCTCGA-3Ј for PpIAA1. For 3Ј RACE, the following primers were used (first-round PCR primer and the nested PCR primer, respectively): 5Ј-TTCTGAGGCATGGAT-AGGCA-3Ј and 5Ј-GACTGACGAAGAAGAGCTAC-3Ј for PpGH3L1 and 5Ј-GTTTCAGCAGTACATCAGCG-3Ј and 5Ј-AGAGTCATTGGG-TAGCGTCG-3Ј for PpIAA1. Fragments (1053 and 938 bp; nucleotide sequence positions 1132 to 2184 of PpGH3L1 cDNA and 1621 to 2558 of PpIAA1 cDNA) were used for DNA gel blot and RNA gel blot hybridization analyses.
